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SUMMARY 


The  influence  of  molding  water  content ,  as-molded  dry  den¬ 
sity,  and  delay  time  prior  to  compaction  after  mixing  in  of  the 
molding  water  on  the  effective  stress-strength  behavior  of  a 
clayey  silt  stabilized  with  hydrated  lime  and  portland  cement 
is  presented  in  this  report.  This  investigation  used  the  re¬ 
sults  of  high  pcessure  consolidated-undrained  triaxial  compres¬ 
sion  tests  with  pore  water  pressure  measurements. 

It  is  shown  that  molding  conditions  have  no  significant 
effect  on  the  Mohr-Coulomb  effective  stress-strength  parameters, 
c  and  of  the  untreated  compacted  soil.  For  both  the  cement 
and  lime  stabilized  systems,  the  effective  cohesion  intercept, 
c,  significantly  increases  with  increases  in  as-molded  dry 
density  while  <JT  does  not  change.  Molding  water  content  per  se 
does  not  influence  either  c  or  <F. 

For  a  given  compactive  effort, delay  time  prior  to  compac¬ 
tion  produces  a  drop  in  the  as-molded  dry  density  of  the  cement 
stabilized  soil  which  shows  up  primarily  as  a  drop  in  the  effec¬ 
tive  angle  of  shearing  resistance,  It  also  lowers  the  strains 
required  to  reach  Mohr-Coulomb  failure,  which  is  an  undesirable 
characteristic • 

At  ultimate  failure  (large  strains), it  is  shown  that  neither 
molding  conditions  nor  delay  time  prior  to  compaction  have  any 
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the  effective  stress-strength  para- 


significant  effect  on 
meters  of  the  stabilized  systems. 


DEFINITIONS  OF  SYMBOLS 


Symbol 


Definition 


A 

E 

B 


c 

5 


Skempton  A  Factor  or  pore  pressure  coefficient  A. 

Skempton  A  Factor  or  pore  pressure  coefficient  A. 

A  =  AB 

Skempton  B  Factor  or  pore  pressure  coefficient  B. 
Also  called  pore  pressure  response  when  given  as 
a  percentage . 

Cohesion  intercept  in  terms  of  total  stresses. 

2 

kg/cm  . 

Effective  cohesion  intercept  of  Mohr-Coulomb 

2 

effective  stress  envelope,  kg/cm  . 

2 

Initial  tangent  modulus  or  Young's  modulus,  kg/cm  . 
Liquid  limit,  %. 

Massachusetts  clayey  silt 
At  maximum  stress  difference 
Plasticity  index,  % 

Plasticity  limit,  %. 

2 

Maximum  Axial  Load  in  Unconfined  Test,  kg/cm 


p  Effective  normal  stress  on  45°  plane, 

2  _  _ 
kg/cm  .  p  =  1/2  (c1  +  o3) 

q  Shear  stress  on  45°  plane  or  half  principal 

2 

stress  difference,  kg/cm  .  q  =  1/2  (o.^  -  a^) 

S  Degree  of  saturation,  % 

2 

u  Pore  Pressure,  kg/cm 

2 

Au  Change  in  pore  pressure,  kg/cm 
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DEFINITIONS  OF  SYMBOLS  (Continued) 


Symbol 


Definition 


w 


Water  content,  % 


tan  a 


tan  a 


tan  a 


ult 


e 


Slope  of  total  stress  envelope  on  p  versus  q 
plot,  tan  a  =  sin  <f> 

Slope  of  effective  stress  envelope  on  p  versus 
q  plot.  Tan  a  =  sin  "5.  Also  slope  of  axial 
strain  contours  on  p  versus  q  plot. 

Slope  of  effective  stress  versus  strength 
relation  at  ultimate  conditions  on  p  versus 
q  plot 

Axial  strain,  % 


'M 


0 

0 


Vff3 


Axial  strain  at  maximum  principal  stress 
difference,  % 

2 

Total  normal  stress,  kg/cm 

2 

Normal  effective  stress,  kg/cm 

2 

Cell  pressure,  kg/cm 

2 

Increment  of  cell  pressure,  kg/cm 

2 

Consolidation  pressure,  kg/cm 

2 

Total  major  principal  stress,  kg/ cm 

2 

Effective  major  principal  stress,  kg/cm 

2 

Total  minor  principal  stress,  kg/cm 

2 

Effective  minor  principal  stress,  kg/ cm 

Effective  principal  stress  ratio  (obliquity) 

2 

Shear  stress,  kg/ cm 
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DEFINITIONS  OF  SYMBOLS  (Continued) 

Symbols  Definition 

<j)  Angle  of  shearing  resistance  in  terms  of  total 

stresses,  and  degrees 

<f>  Angle  of  shearing  resistance  in  terms  of  effective 

stresses,  degrees 

tan  $ult  Slope  of  effective  normal  stress  versus  shear 
stress  relation  at  maximum  stress  difference 


Dry  Density,  lb/cu  ft 
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Chapter  1 


INTRODUCTION 


Numerous  investigators  have  shown  that  the  unconfined 
compressive  strength  of  lime  or  cement  stabilized  fine¬ 
grained  soils  is  influenced  to  a  large  extent  by  the  as- 
molded  dry  density  and  molding  water  content.  Usually,  the 
maximum  unconfined  compressive  strength  of  a  stabilized 
soil  for  a  given  compaction  effort  occurs  close  to  the  opti¬ 
mum  water  content  for  maximum  dry  density,  and  therefore 
it  is  common  practice  to  specify  field  compaction  at  optimum 
water  content.  In  previous  phase  reports  Wissa  and  Ladd  (1964 
and  1965)*  have  shown  that  the  unconfined  compression  test 
is  of  limited  use  in  studying  the  strength  behavior  of  sta¬ 
bilized  soils  since  it  measures  strength  under  only  one 
specific  set  of  testing  conditions  that  does  not  usually 
represent  the  most  critical  conditions  in  the  field. 

In  order  to  overcome  most  of  the  limitation  inherent  in 
the  unconfined  compression  test,  M.I.T,  is  using  consolidated- 
drained  triaxial  tests  with  volume-change  measurements  and 
consolidated-undrained  triaxial  tests  with  pore  pressure 

*  Items  indicated  thus,  (Wissa  and  Ladd,  1964)  or  Wissa 

and  Ladd  (1965) ,  refer  to  corresponding  entries  arranged 
alphabetically  in  the  List  of  References. 


2 


measurements  to  study  the  strength  behavior  of  stabilized 
soils.  From  such  test  results  it  is  possible  to  apply  the 
effective  stress  principle  (Terzaghi,  1923)  to  determine 
the  strength  behavior  of  stabilized  soils  under  a  variety 
of  field  conditions. 

In  previous  phase  reports  (Wissa  and  Ladd,  1964  and 
1965),  the  influence  of  soil  type,  type  and  amount  of  sta¬ 
bilizer,  curing  time,  and  curing  history,  on  the  strength 
behavior  of  stabilized  soils  was  investigated.  It  was  shown 
that  for  a  given  soil-stabilized  system,  the  frictional  re¬ 
sistance  in  terms  of  effective  stresses  is  independent  of 
environmental  changes  during  curing  and  testing;  whereas 
the  cohesive  resistance  is  very  sensitive  to  these  changes. 

It  was  also  shown  that,  in  the  rase  of  granular  soils,  lime 
and  cement  stabilization  has  only  a  minor  influence  on  the 
effective  angle  of  shearing  resistance  of  the  soil?  whereas 
in  the  case  of  fine-grained  soils,  the  stabilizers  cause  a 
large  increase  in  the  angle  of  shearing  resistance.  It  was 
hypothesized  that  the  increase  in  the  frictional  resistance 
of  fine-grained  soils  is  due  to  the  formation  of  strongly 
cemented  soil  aggregates  formed  by  soil  particles  surround¬ 
ing  nuclei  of  high  cement  particle  concentrations.  The  for¬ 
mation  of  these  cemented  soil  aggregates  causes  fine-grained 
soils  to  behave  like  granular  materials  having  high  effective 
angles  of  shearing  resistance.  The  weaker  cementation  between 
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aggregates  is  responsible  for  the  increase  in  effective 
cohesion, which  is  influenced  by  environmental  conditions 
such  as  curing  time  and  cycles  of  wet-dry  or  freeze-thaw. 

This  report  is  an  extension  of  the  work  described  in 
Phase  Reports  No,  3  and  5*  and  is  a  study  of  the  influence 
of  molding  water  content  and  as-molded  dry  density  as  well 
as  delay  time  of  compaction  on  the  strength  behavior  of 
stabilized  fine-grained  soils,  The  testing  procedures 
followed  in  this  study  are  basically  the  same  as  those 
used  in  the  previous  repoits,and  the  results  are  examined 
in  terms  of  the  same  hypotheses  and  concepts. 


* 


See  Wissa  and  Ladd  (1964)  and  (1965)  , 
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Chapter  2 


MATERIALS  AND  TESTING  PROCEDURES 


2.1  SOIL 

The  soil  used  for  this  investigation  was  Massachusetts 
clayey  silt  M-21,  the  fine  fraction  (material  passing  No, 

40  sieve  size)  of  a  glacial  till  from  a  drumlin  overlooking 
Locran  International  Airport  in  East  Boston,  The  particle 
size  distribution  of  the  batch  of  soil  used  for  this  inves¬ 
tigation  differed  slightly  from  that  used  in  the  previous 
studies  (Fig2.1),  While  the  percentages  of  sand,  silt, and 
clay  were  essentially  the  same,  the  silt  fraction  in  this 
batch  was  coarser  than  in  the  previous  batch.  The  proper¬ 
ties  of  the  soil  are  given  in  Table  2.1  and  2,2, 

2.2  TYPE  AND  AMOUNT  OF  STABILIZER 

The  two  chemical  stabilizers  used  were  reagent  grade 
calcium  hydroxide  (hydrated  lime)  and  portland  cement  Type  I 
(commercial  grade)  ,  The  influence  of  molding  conditions  was 
studied  for  untreated  soil  and  soil  stabilized  with 
five  per  cent  lime  or  five  per  cent  cement  by  weight. 
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2.3  MIXING  PROCEDURES 

The  stabilizers  were  mixed  with  the  air-dry  soil  until 
homogeneous  mixtures  were  obtained.  About  1  per  cent  extra 
water,  above  the  desired  amount,  was  added  to  all  the  mixes 
to  compensate  for  evaporation  losses  that  occurred  during 
mixing.  The  water  was  mixed  in  by  hand  for  about  five  minutes. 

2.3.1  Untreated  Soil 

After  addition  of  the  desired  amount  of  water  and  mixing, 
the  mixes  were  allowed  to  equilibrate  for  one  day  in  sealed 
glass  containers  prior  to  compaction. 

2.3.2  Soil-Lime  Mixes 

A  batch  of  soil- lime  for  4  or  5  compacted  samples  was 
prepared  at  a  time.  The  lime  was  added  to  the  pulverized 
air-dry  soil  and  thoroughly  mixed  in  with  a  spoon  until  no 
traces  of  lime  could  be  observed.  The  desired  amount  of 
water  was  then  added  and  thoroughly  mixed  with  the  soil-lime 
mixture.  While  each  sample  was  being  compacted , the  remaining 
soil  was  kept  covered  with  a  moist  towel  and  intermittently 
remixed.  All  samples  from  a  batch  were  compacted  within  four 
hours  after  addition  of  the  mixing  water.  A  water  content 
of  thv>  mix  was  taken  before  compacting  each  sample. 
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2,3,3  Soil^Cement__Mixes 

The  soil  for  each  compacted  sample  was  mixed  sepa¬ 
rately  and  compacted  immediately  after  mixing*  The  cement 
and  water  were  added  in  the  same  manner  as  for  the  lime- 
stabilized  samples.  Two  water  contents  of  the  mix  were 
taken  for  each  sample*  one  before  and  one  after  compaction* 
The  time  between  first  mixing  in  of  the  water  and  final 
compaction  was  not  allowed  to  exceed  fifteen  minutes*  when 
studying  the  influence  of  molding  conditions. 

For  the  delay  time  prior  to  compaction  study*  after 
adding  and  mixing  in  the  water  for  each  sample,  the  mixture 
was  sealed  in  a  plastic  bag  for  five  hours  prior  to  compac¬ 
tion.  During  this  delay  time  the  mixtures  were  hand  kneaded 
in  the  bags  at  half-hour  intervals, 

2,4  COMPACTION  PROCEDURE 

All  test  specimens  were  prepared  by  two-end  static  com¬ 
paction,  A  compaction  effort  of  400  psi  or  800  psi  was  gradr> 
ually  applied  to  the  two  rams  by  means  of  a  hydraulic  press* 
The  full  pressure  was  maintained  on  the  samples  for  approxi¬ 
mately  one  minute  before  releasing  the  load  off  the  rams. 
Sufficient  mix  was  placed  in  the  mold  such  that  neither  ram 
reached  the  end  of  its  travel  when  the  full  compactive 
effort  was  applied.  Precautions  were  taken  to  prevent  the 


top  and  bottom  rams  from  moving  together  at  different  rates 
so  that  neither  ram  reached  the  end  of  its  travel  under  the 
full  load. 
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2.4.1  Compaction  Effort 

To  investigate  the  effect  of  molding  water  content  and 
dry  density  on  the  effective  stress- strength  behavior  of  the 
stabilized  systems ,  the  samples  were  prepared  using  a  com¬ 
paction  effort  of  400  psi«  The  mold  was  Teflon  lined  to 
minimize  wall  friction  during  compaction,  and  it  had  guided 
top  and  bottom  plungers. 

For  studying  the  effect  of  dry  density,  per  se,  samples 
were  prepared  using  800  psi  instead  of  400  psi  compaction 
effort. 

To  investigate  the  effect  of  delayed  time  of  compaction 
on  the  effective  stress-strength  behavior  of  the  Portland 
cement- stabilized  system,  some  samples  were  prepared  using 
the  same  compaction  effort  of  400  psi  as  the  zero  delay  time 
samples.  Other  samples  were  compacted  to  the  same  dry  den¬ 
sity  as  the  zero  delay  time  samples  (at  the  same  molding 
water  content)  by  increasing  the  static  compaction  effort 
to  approximately  800  psi. 

The  mositure-density  relations  of  the  test  specimens 
used  in  this  investigation  are  plotted  in  Fig.  2,2, 
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2.4,2  Size  of  Specimens 

The  size  of  the  mold  used  to  contact  the  specimens  west 
Length  ■  3,150  in. 

Diameter  -  1,405  in. 

Volume  ■  80  cc, 

2.5  CORING  PROCEDURES 

In  the  investigation  of  the  effect  of  molding  water  con¬ 
tent  and  dry  density  on  the  stress-strength  behavior  of  the 
stabilized  systems ,  the  lime-stabilized  samples  were  humid 
cured  in  glass  containers  at  100  per  cent  relative  humidity 
and  at  room  temperature  for  243  days  minimum.  The  Portland 
cement- stabilized  samples  were  subject  to  an  accelerated 
humid  curing  by  storing  them  in  glass  containers  at  100  per 
cent  relative  humidity  and  at  a  temperature  of  70 °C,  These 
samples  were  allowed  to  cure  for  14  days  prior  to  testing. 

The  untreated  samples  were  not  stored  before  testing. 

In  the  investigation  of  the  effect  of  delay  time  of 
compaction  on  the  stress-strength  behavior  of  the  portland 
cement-stabilized  system,  the  samples  were  humid  cured  in 
glass  containers  at  100  per  cent  relative  humidity  and  at 
room  temperature  for  a  time  no  less  them  83  days. 
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2.6  TESTING  PROCEDURE 

The  method  used  to  test  the  samples  was  the  same  as 
that  presented  in  previous  reports  (Phase  Reports  Nos.  3 
and  5)  with  the  following  variations t 

a)  The  untreated  samples  were  saturated  and 
tested  under  back  pressure  of  150  psi« 

b)  Stabilized  samples  were  saturated  and  tested 
under  back  pressures  of  200  psi  or  220  psi. 

c)  The  cell  pressures  were  applied  first  to  a 
pressure  level  a  little  above  the  back  pres¬ 
sure.  at  which  time  the  back  pressure  was 
applied  to  the  samples  and  immediately  follow¬ 
ing,  the  cell  pressure  was  increased  to 
achieve  the  desired  effective  consolidation 


pressure 
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Table  2,1 

PROPERTIES  OF  UNTREATED  M-21 


Textural  Composition,  %  by  wt. 

Sand  2mm  to  0(06m  42 

Silt  0,06mm  to  0.002m  43 

Clay  0.002mm  15 

Physical  Properties 

Liquid  Limit  %  20.5 

Plastic  Limit  %  14,7 

Plastic  Index  %  5.8 

Specific  Gravity  2,75 

Max,  Dry  Density  (1)  lb/cu  ft,  122.5 

Optimum  Water  Content  (1)%  12,9 

Classification 

Unified  CL-ML 

AASHO  A-4 (0) 

Chemical  Properties  (2) 

Organic  Matter,  %  by  wt,  0.2 

Gation  Exchange  Capacity  meq/100  gm  10 

Glycol  Retention  mg/gm  22 

Miner alogic  Composition  (3) 

Clay  Composition,  %  by  wt,  30 

Illitet  Montmorillonoid  1:0 

Free  Iron  Oxide,  %Fe203  2,9 

(1)  Static  Compaction,  400  psi  effort 

(2)  For  minus  No,  200  sieve  (0,074mm)  fractions  obtained 
from  a  different  batch  of  soil, 

(3)  Most  montmorillonoid  mineral  is  montmorillonite , 
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Table  2.2 


ATTERBERG  LIMITS  FOR  M-21  SYSTEMS 


System  Liquid  Limit  Plastic  Limit  Plasticity  Index 


V 

V 

P.I 

Untreated  M-21 

20.5 

14.7 

5.8 

M-21+5%  Lime* 

22,5 

19.4 

3.1 

M-21+5%  Cement* 

21.2 

17.6 

3.6 

Determined  immediately  after  mixing  in  of  the  water 
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Chapter  3 


INFLUENCE  OF  MOLDING  WATER  CONTENT  AND  DRY  DENSITY 


3.1  EFFECTIVE-STRESS-STRENGTH  BEHAVIOR 

3.1.1  Untreated  Soil 

Table  3,1  summarizes  preshear  data  for  the  untreated 

M-21 , 

The  Mohr-Coulomb  effective  stress-strength  envelope  of 
untreated  Massachusetts  clayey  silt  at  the  various  molding 
conditions  shown  in  Fig.  2,2  are  given  in  Fiqs,3.1  through 
3.5.  Over  the  wide  range  of  consolidation  pressures  used 
in  this  investigation  the  envelopes  at  all  molding  condi¬ 
tions  were  straight  lines  having  no  measureable  effective 
cohesion  intercepts.  As  summarized  in  Fig, 3.6a  molding 
conditions  only  slightly  influenced  the  effective  Mohr- 
Coulomb  angle  of  shearing  resistance,  <T»  For  a  molding  water 
content  ranging  from  8  per  cent  to  14.5  per  cent  and  an  as- 
molded  dry  density  ranging  from  108  Ib/cu  ft,  to  123  lb/cu  ft, 
the  change  in  T  was  only  2, 5°, which,  from  a  practical  point 
of  view, is  not  significant. 

The  small  differences  in  7  due  to  molding  conditions  are 
probably  caused  by  small  differences  in  soil  fabric  still 
remaining  in  the  failure  zone  at  the  time  Mohr-Coulomb  fail¬ 
ure  is  reached.  However,  by  the  time  ultimate  conditions 
are  reached  at  larger  shear  strains,  these  minor  differences 
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in  fabric  have  been  eliminated  and  then  the  effective  angle 
of  shearing  resistance  is  independent  of  molding  conditions 
as  shown  in  Figs.  3.7  and  3.6b  (*ult  for  this  soil  was 
32°)  . 

In  summary  it  can  be  said  that  molding  conditions  do 
not  significantly  influence  the  effective  stress-strength 
envelope  of  this  fine-grained  soil, 

3.1.2  Stabilized  Soil 

The  preshear  data  for  the  stabilized  soils  are  shown  in 
tables  3.2  and  3.3. 

The  effective  stress-strength  behavior  of  Massachusetts 
clayey  silt  M-21,  stabilized  with  5  per  cent  lime  and  5  per 
cent  cement  at  the  various  molding  conditions  given  in  Fio. 

2, 2, are  shown  in  Figs.  3.8  through  3.12  and  Figs,  3.13 
through  3.16  respectively.  Over  the  wide  range  of  molding 
conditions  investigated  with  each  stabilizer , the  Mohr-Coulomb 
effective  angle  of  shearing  resistance,  varied  by  only 
1.5°  (Figs.  3.17a  and  3.17b,  and  3.18a  and  3.18b), 
which  is  probably  within  experimental  error.  However,  the 
Mohr-Coulomb  effective  cohesion  intercepts,  c,  increased 
significantly  with  increasing  as-molded  dry  density  (Figs, 
3.17c  and  3.18c) . 

Molding  water  content,  per  se,  did  not  control  c  since 
samples  at  approximately  the  same  as-molded  dry  density, 
compacted  dry  and  wet  of  optimum  water  content,  had  the  same 
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c.  Further,  an  increase  in  as-molded  dry  density  both 
dry  and  wet  of  optimum  water  content  (caused  by  an  increase 
in  compaction  effort)  caused  an  increase  in  c  that  cor¬ 
responded  to  the  c  obtained  at  a  lower  compaction  effort 
and  a  different  molding  water  content. 

This  behavior  can  be  explained  by  the  mechanistic  pic¬ 
ture  proposed  in  Phase  Report  No,  5  (Wissa  and  Ladd,  1965) , 

It  was  hypothesized  that,  even  under  ideal  mixing  conditions 
in  the  laboratory,  cementing  agents,  such  as  portland  cement 
and  hydrated  lime,  do  not  get  uniformly  distributed  in  fine¬ 
grained  soils.  Strongly  cemented  soil  aggregates  thus  form 
around  nuclei  of  high  cement  particle  concentration.  These 
cemented  aggregates  cause  the  fine-grained  soil  to  behave 
like  a  cemented  granular  material  having  a  high  effective 
angle  of  shearing  resistance.  Distribution  of  the  cementing 
agent  in  the  pulverized  soil  primarily  occurs  during  the  dry 
mixing  process,  and  further  mixing  during  addition  of  the 
mo) ding  water  and  during  static  compaction  has  very  little 
influence  on  redistributing  the  cementing  agent  in  the  soil, 

A  change  in  the  molding  water  content  and/or  in  the  compac¬ 
tion  effort  will  therefore  cause  no  significant  change  in  the 
size  gradation  of  the  cemented  soil  aggregates  and  thus  no 
large  change  in  effective  angle  of  shearing  resistance  occurs. 
The  cementation  between  soil  aggregates  will  increase  with 
increasing  molding  dry  density,  since  the  area  of  contact 
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and  the  number  of  contacts  between  adjacent  aggregates  in¬ 
creases.  This  causes  ''.he  effective  cohesive  resistance  of 
the  stabilized  soil  to  increase  with  increasing  dry  density. 

By  the  time  ultimate  conditions  are  reached  at  large 
strains ,  the  weaker  cementation  between  the  strongly  ce¬ 
mented  soil  aggregates  is  completely  destroyed  in  the  failure 
zone, and  the  soil  then  behaves  like  a  granular  material  hav¬ 
ing  zero  effective  cohesion  intercept  and  a  high  effective 
angle  of  shearing  resistance,  Since  molding  condi¬ 

tions  apparently  do  not  influence  the  aggregation,  it  of 
the  stabilized  soil  is  independent  of  molding  conditions 
as  shown  in  Figs.  3.19  and  3.20. 

Figs.  3.21  and  3.22  show  the  influence  of  molding 
conditions  on  the  effective  principal  stress  ratio  of  the 
cemented  soil  systems  at  Mohr-Coulomb  and  ultimate  conditions, 
as  a  function  of  effective  minor  principal  stress.  At  Mohr- 
Coulomb  failure,  the  effective  principal  stress  ratio  is  a 
function  of  both  and  molding  conditions, because  the  ce¬ 
mented  soil  possesses  an  effective  cohesion  intercept,  c, 
which  is  a  function  of  molding  conditions.  At  ultimate, 

V*j  is  independent  of  “j,  since  c  is  zero  and  $  ultimate 
is  independent  of  molding  conditions. 

For  the  lime- stabilized  soil»’$'u^t  was  37.5°  and  for  the 
cement-stabilized  soil, it  was  38,5°,  This  compares  with 
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4>ult  of  32°  for  the  untreated  soils  (see  pig.  3.23). 
Figures  3.24  and  3.25  show  the  influence  of  molding  dry 
density  on  the  undrained  strength  of  both  the  cement 
and  the  lime  stabilized  systems. 


3.2  PORE  PRESSURE  RESPONSE 


3.2.1  Pore  Pressure  Response  Prior  to  Shear 


The  pore  pressure  response,  B  (B  *  Au/Acc)*,  was  deter¬ 
mined  after  consolidation  and  saturation,  but  prior  to  shear, 
to  check  that  complete  saturation  had  been  achieved.  Since 
B  was  often  less  than  100  per  cent,  (see  Tables  3.1  through  3.3) 
several  consecutive  2  kg/cm  increments  of  cell  pressure 
were  used  to  insure  that  B  values  less  than  100  per  cent 
were  due  to  the  rigidity  of  the  soil  skeleton  and  not  due 
to  entrapped  air  (Wissa,  1969) . 

No  correlation  appeared  to  exist  between  molding  condi¬ 
tions  and  B  for  both  the  stabilized  and  the  untreated  soil 
as  can  be  seen  from  Figs.  3.26,  3.27,  and  3.28.  In  general 
the  pore  pressure  response  prior  to  shear,  Bq/  decreased 
with  increasing  consolidation  pressure,  since  the  rigidity 
of  the  soil  skeleton  increases  with  increasing  consolida¬ 
tion  pressure  (Wissa  1969).  This  can  be  seen  from  Figs. 

3.26b,  3.27b  and  3.28b,  which  are  plots  of  BQ  versus  initial 
tangent  modulus,  E,  obtained  from  the  undrained  stress-strain 
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See  Skempton  (1954) . 
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curves.  The  large  scatter  in  the  results  is  believed  to  be 
due  to  the  large  seating  imperfections  at  the  initial  stages 
of  shear, which  made  it  difficult  to  obtain  accurate  values 
of  E  (see  Tables  3.4  through  3.6),  The  pore  pressure  responses 
of  the  samples  compacted  dry  of  optimum  were  not  usually 
lower  than  those  of  the  samples  compacted  wet  of  optimum. 

This  is  further  evidence  that  all  samples  were  completely 
saturated  prior  to  shear.  A  possible  exception  was  the 
untreated  samples  compacted  very  dry  of  optimum. 

3.2.2  Pore  Pressure  Response  after  Shearing 

After  shearing,  the  test  specimens  were  unloaded  at  con¬ 
stant  cell  pressure  without  allowing  drainage.  The  excess 
pore  pressures  existing  after  unloading  were  allowed  to 
equalize  overnight  and  then  the  final  pore  pressure  response , 

B _ ,  determined  in  a  similar  manner  to  E  .  Plots  of  B  versus 
f  o  o 

Bf  are  shown  in  Figs,  3.26c,  3.27c  and  3.28c.  In  most  Cases 
Bf  was  greater  than  Bq, since  the  results  plotted  above  the 
45°  line  shown  in  the  figures.  In  the  case  of  the  untreated 
samples, the  effective  stresses  after  shear  and  unloading 
were  usually  lower  than  the  effective  consolidation  pressures 
prior  to  shear, since  positive  residual  excess  pore  pressures 
remained  in  the  test  specimens.  The  lower  effective  stress 
after  shear  causes  a  decrease  in  the  rigidity  of  the  soil 
skeleton  and  consequently  an  increase  in  B,  This  also 
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occurred  with  most  of  the  stabilized  test  specimens;  however, 
in  addition,  for  stabilized  specimens,  a  breakdown  of  the 
cemented  soil  skeleton  also  occurs  during  shear  resulting 
in  a  further  decrease  in  the  rigidity  of  the  soil  skeleton 
that  would  also  cause  Bf  to  be  higher  than  BQ» 

In  summary  a  back  pressure  of  200  psi  was  sufficient  to 
ensure  complete  saturation  prior  to  shear  at  all  molding  con¬ 
ditions  investigated.  Since  the  rigidity  of  the  soil  skeleton 
is  changing  during  undrained  shear#  the  pore  pressure  response 
also  changes  during  shear;  and  therefore,  the  initial  pore 
pressure  response  prior  to  shear  cannot  be  used  to  correct 
for  the  rigidity  of  the  soil  skeleton  on  the  excess  pore 
pressures  developed  during  shear, 

3.3  PORE  PRESSURE  DURING  SHEAR 
3,3,1  Untreated  Soil 

According  to  Lambe  (1958)  and  Seed  et  al  (1960), fine¬ 
grained  soils  compacted  dry  of  optimum  have  a  more  flocculated 
fabric  than  when  compacted  wet  of  optimum.  Seed  et  al  showed 
that  at  low  consolidation  pressures  (up  to  2,0  kg/cm  ),  the 
excess  pore  water  pressures  developed  during  undrained  shear 
were  lower  for  samples  compacted  dry  of  optimum  than  for  sam¬ 
ples  compacted  wet  of  optimum.  Their  explanation  for  the 
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observed  behavior  was  that  a  flocculated  fabric  is  more 
resistant  to  applied  stress  and  consequently  lower  excess 
pore  pressures  develop  during  undrained  shear. 

Fig,  3.29  shows  the  influence  of  molding  water  content 
and  molding  dry  density  (using  400  psi  static  compaction)  on 
the  effective  minor  principal  stress*  of  untreated  Massa¬ 
chusetts  clayey  silt  at  ultimate  failure  in  undrained  shear, 
(Similar  trends  existed  at  maximum  principal  stress  difference 
and  at  tangency  with  the  effective  Mohr-Coulomb  envelope,) 

Over  the  wide  range  of  consolidation  pressures  investigated, 
the  effective  minor  principal  stress  at  a  given  consolidation 
pressure  increased  with  increasing  molding  water  content, 

In  other  words,  the  more  flocculated  the  soil  fabric  after 
compaction,  the  larger  the  excess  pore  pressures  developed 
during  undrained  shear.  This  behavior  is  contrary  to  that 
reported  by  Seed  et  al,  and  is  probably  due  to  the  fact  that 

Seed  et  al  only  investigated  the  behavior  of  compacted  soils 

2 

at  low  consolidation  pressures  up  to  2,0  kg/cm  , while  these 
results  are  for  higher  consolidation  pressures  ranging  from 
5  kg/cmz  to  50  kg/cm  .  The  pore  pressure  developed  during 


Since  the  total  minor  principal  stress  was  kept  con¬ 
stant  during  consolidation  and  shear, the  excess  pore 
pressure  developed  during  undrained  shear  is  equal 
to  the  consolidation  pressure  minus  the  effective 
minor  principal  stress. 
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undrained  shear  is  dependent  on  the  change  in  fabric  that 
occurs  during  shear •  The  change  in  fabric  during  shear  is 
not  only  dependent  on  the  initial  fabric  but  also  on  the 
applied  stresses  and  strains  required  to  produce  failure* 

The  higher  the  stresses  and  the  larger  the  strains  at  failure* 
the  greater  is  the  tendency  for  the  soil  to  develop  a  pre¬ 
ferred  orientation  (dispersed  fabric)  and  consequently , the 
larger  the  change  of  fabric  during  shear*  At  low  consoli¬ 
dation  pressures, the  stresses  and  strains  required  to  reach 
Mohr-Coulomb  failure  are  relatively  small, and  therefore, only 
a  small  change  in  fabric  has  occured  by  the  time  failure  is 
reached.  Under  these  conditions  samples  compacted  dry  of 
optinum,  having  a  higher  resistance  to  the  applied  stresses , 
will  produce  smaller  excess  pore  pressures  during  shear  than 
samples  compacted  wet  of  optimum  as  reported  by  Seed  et  al. 
However,  higher  consolidation  pressures  were  used  in  this  in¬ 
vestigation.  The  applied  stresses  and  strains  required  to  pro¬ 
duce  failure  were  larger,  and  therefore,  the  tendency  for  a  dis¬ 
persed  fabric  to  occur  during  shear  is  consequently  greater 
than  would  have  existed  at  lower  consolidation  pressures.  At 
a  given  consolidation  pressure,  the  samples  compacted  dry  of 
optimum,  therefore*  developed  much  larger  excess  pore  pres¬ 
sures  during  shear  than  samples  compacted  wet  of  optimum 
since  their  initial  fabric  after  compaction  was  more  floccu¬ 
lated  than  samples  compacted  wet  of  optimum  and  consequently 


Ik 
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underwent  larger  changes  in  fabric  during  shear*  From  Fig. 
3.30  it  is  apparent  that  for  a  constant  compaction  effort 
of  400  psi  molding  water  content  rather  than  molding  dry 
density  controls  the  pore  pressure  behavior  of  the  untreated 
soil* 


The  influence  of  an  increase  in  dry  density  due  to 
increasing  the  compaction  effort  from  400  psi  to  800  psi  is 
shown  in  Fig.  3.31.  This  figure  consists  of  plots  of  mold¬ 
ing  water  content  and  as-molded  dry  density  versus  the 
normalized  effective  minor  principal  stress  at  ultimate, 

(a,ult/cT  ) ,  for  the  samples  consolidated  to  25  kg/cm2  and 
W  C 

50  kg/cm2.  Here  again  molding  water  content  primarily  con¬ 
trols  the  core  pressures.  At  a  molding  water  content  of 
about  9,2  oer  cent, the  high-density  samples  had  about  the 
same  excess  pore  pressures  at  failure  as  the  low-density 
samples  (Fig,  3,31a),  However,  from  Fig,  3,31b  it  is 
aoparent  that  at  the  same  as-molded  dry  density  of  about 
118  Ib/cu  ft,, samples  compacted  to  400  psi  corresponding  to 
a  molding  water  content  of  about  11,3  per  cent  developed  a 
lower  excess  pore  pressure  during  shear  than  the  samples 
compacted  to  800  psi  at  a  molding  water  content  of  9,2  per 
cent.  This  is  reasonable,  since  static  compaction  does  not 
induce  very  large  shear  stresses  during  molding  and  conse¬ 
quently  an  increase  in  compaction  effort  does  not  signifi¬ 
cantly  alter  the  soil  fabric  after  compaction.  Fig, 3.  32 
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shows  the  influence  of  molding  water  content  on  the  A-f actor 
of  untreated  M-21  at  maximum  stress  difference  and  at  tan- 
gency  with  the  effective  Mohr-Coulomb  envelope.  The  use  of 
the  A-factor*  rather  the  excess  pore  pressure  or  minor 
effective  principal  stress  to  describe  the  pore  pressure 
behavior  adjusts  the  excess  pore  pressures  for  the  effect 
of  differences  in  the  magnitude  of  the  applied  principal 
stress  difference.  Once  the  prestress  effects  due  to  com¬ 
paction  were  overcome  at  the  higher  consolidation  pressures , 
the  A-factor  was  independent  of  consolidation  pressure  and 
was  solely  a  function  of  molding  water.  (The  low  consoli¬ 
dation  pressure  test  results  are  not  included  in  this  figure.) 
The  change  in  A-factor  with  changes  in  molding  water  content 
indicates  that  the  differences  in  magnitude  of  the  applied 
shear  stresses  do  not  solely  account  for  the  differences 
in  the  excess  pore  pressures  but  also  differences  in  the  soil 
fabric  existing  prior  to  shear  influence  the  pore  pressures 
generated . 

In  summary t  molding  water  content  rather  than  molding  dry 
density  controls  the  pore  pressure  behavior  of  compacted  un¬ 
treated  Massachusetts  clayey  silt  in  undrained  shear.  At 

2  2 

consolidation  pressures  ranging  from  5  kg/cm  to  50  kg/cm  f 
samples  compacted  dry  of  optimum  develop  higher  pore  pressures 


* 


See  Skempton  (1954) 
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during  undrained  shear  than  samples  compacted  wet  of  opti¬ 
mum  because  they  have  a  more  flocculated  fabric  prior  to 
shear  and  consequently  undergo  a  larger  chancre  in  fabric 
during  shear. 

3.3.2  Stabilized  Soils 

As  shown  in  Pigs.  3.33a  and  3.34a  molding  conditions 
had  no  significant  influence  on  the  effective  minor  princi¬ 
pal  stress,  and  consequently  the  excess  pore  pressure,  of 
the  stabilized  soil  at  Mohr-Coulomb  failure.  This  was  also 
the  case  at  the  maximum  principal  stress  difference.  How¬ 
ever,  the  A-factora  at  a  given  consolidation  pressure  de¬ 
creased  with  increasing  as-molded  dry  density  (Fios.3.35 
and  3.36  because  (c>i  -  a 3)  at  tangency  and  at  maximum  stress 
difference  increased  with  increasing  dry  density  due  to  the 
influence  of  molding  dry  density  on  the  effective  cohesion 
of  the  cemented  soil. 

At  ultimate  conditions  when  the  cementation  between  soil 
aggregates  was  completely  destroyed, increased  and  conse¬ 
quently  the  excess  pore  pressure  decreased  with  increasing 
dry  density  (Figs.  3.33c  and  3.34c).  The  A-factor  also  de¬ 
creased  (Fig.  3.37).  This  is  similar  to  the  influence  of 
density  on  the  pore  pressure  and  A-factor  behaviors  of  un¬ 
cemented  sands.  It  is  interesting  to  note  that  at  ultimate 
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conditions, the  same  relation  existed  between  as-molded 
dry  density  and  A-f actor  for  both  the  lime- and  cement- 
stabilized  soil. 

In  summary  as-molded  dry  density  rather  than  molding 
water  content  controls  the  pore  pressure  behavior  of  ce¬ 
mented  fine-grained  soils.  This  is  further  evidence  that 
molding  water  content  does  not  significantly  influence  the 
fabric  of  stabilized  soils.  However,  it  should  be  noted 
that  static  compaction  was  used  in  this  investigation  and 
it  is  possible  that  if  kneading  compaction  had  been  used, 
molding  water  content  might  have  had  an  influence  on  the 
pore  pressure  behavior  since  with  untreated  fine-grained 
soils  kneading  compaction  causes  a  greater  change  in  fabric 
as  a  ^unction  of  molding  water  content  than  does  static  com¬ 
paction  (Seed  et  al  1960)  . 

3.4  TOTAL  STRESS-STRENGTH  BEHAVIOR 
3.4,1  Untreated  Soil 

The  influence  of  molding  conditions  on  the  total  stress- 
strength  behavior  of  untreated  Massachusetts  clayey  silt  is 
shown  in  Fig.  3.38.  Even  though  the  effective  angle  of  shear 
ing  resistance  is  not  significantly  influenced  by  molding  con 
ditions,  the  excess  pore  pressure  developed  during  undrained 
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shear  is  a  function  of  molding  water  content'  and  consequently, 
the  angle  of  shearing  resistance  in  terms  of  total  stress, 

<P ,  is  influenced  by  molding  conditor.s.  At  a  given  consoli¬ 
dation  pressure,  the  higher  the  pore  pressures  developed 
during  shear  the  lower  the  angle  of  shearing  resistance  in 
terms  of  total  stresses.  For  this  soil  <j>*  at  maximum  stress 
difference  ranged  from  13,5°  dry  of  optimum  to  22,3°  wet 
of  optimum  and  from  13°  to  21°  at  ultimate.  Comparing  this 
with  a  2.5°  variation  of  the  angle  of  shearing  resistance 
in  terms  of  effective  stresses  is  a  good  demonstration  of  the 
advantage  of  using  effective  stress- strength  parameters 
rather  L  .  otal  stress- strength  parameters  to  define  the 
strength  behavior  of  compacted  soils. 

3.4.2  Stabilized  Soil 

In  the  case  of  the  stabilized  soil, both  the  cohesion 
intercept,  c,  and  angle  of  shearing  resistance,  <j>,  in  terms 
of  total  stresses  are  influenced  by  molding  conditions  (Figs. 
3. 39  and  3. 40) .  This  is  due  to  the  fact  that  both  the  effec¬ 
tive  cohesion  intercept  and  the  pore  water  pressures  developed 
during  undrained  shear  are  influenced  by  the  as-molded  dry 
density. 


Note  that  the  angles  shown  in  Fig,  3.35  are  in  terms  of 
a  rather  than  #.  (tan  a  *  sin$  ), 
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It  is  of  interest  to  note  that  while  the  effective 
cohesion  intercept  of  the  cemented  soils  at  ultimate  was 
zero  at  all  molding  conditions t  it  had  an  appreciable  value 
in  terms  of  total  stresses  and  was  also  a  function  of  mold¬ 
ing  dry  density  (Figs.  3.39b  and  3. 4 Ob)*  Since  the  cemen- 
tation  between  soil  aggregates  in  the  failure  zone  has  been 
completely  destroyed  by  the  time  ultimate  conditions  are 
reached  at  large  strains,  this  apparent  cohesion  intercept  is 
not  a  measure  of  the  cementation  but  rather  reflects  the  in¬ 
fluence  of  the  pore  pressures  on  the  ultimate  shear  resistance 
of  the  soil. 

3 . 5  STRESS-STRAIN  BEHAVIOR 

Stress-strain  data  for  the  untreated  and  stabilized  M-21 
systems  during  undrained  shear  are  summarized  in  Tables  3;4 
through  3.6. 


3.5.1  Initial  Tangent  Modulus 

As  can  be  seen  in  Tables  3.4  through  3,6,  seating  corrections 
had  to  be  apolied  to  the  stress-strain  curves  of  most  of  the 
stabilized  soils  test  specimens.  This  made  it  impossible  to 
determine  the  influence  of  molding  conditions  on  the  initial 
tangent  modulus. 

3.5.2  Axial  Strain  to  Reach  Maximum  Stress  Difference 

The  influence  of  molding  conditions  on  the  axial  strain 

required  to  reach  maximum  stress  difference,  e  ,  for  untreated 

xn 

M-21,  M-21  plus  5%  lime,  and  M-21  plus  5%  cement  is  shown  in 


Fig*  3.41.  With  the  exception  of  the  samples  compacted 
very  dry  of  optimum#  molding  conditions  had  no  influence 
on  of  the  untreated  soil.  In  the  case  of  the  stabilized 
soils,  ero  increased  with  increasing  molding  water  content  but 
did  not  appear  to  be  a  function  of  the  as-molded  dry  density* 
While  no  definite  explanation  can  be  given  for  this  trend, 
it  is  believed  to  reflect  the  volume  changes  that  occured 
during  humid  curing.  Samples  compacted  dry  of  optimum  tend 
to  swell  during  humid  curing, while  samples  compacted  wet  of 
optimum  tend  to  shrink.  The  shrinkage  cracking  that  takes 
place  during  curing  and  soaking  of  the  wet  samples  makes  it 
necessary  for  them  to  undergo  larger  strains  during  shear 
before  the  sum  of  their  frictional  and  cohesive  resistance 
reaches  a  maximum.  In  order  to  verify  the  above  hypothesis, 
it  would  be  necessary  to  prevent  any  changes  in  moisture 
during  curing  and  then  check  that  molding  water  content  no 
longer  had  an  effect  on  em.  Stress-strain  curves#  as  well 
as  change  in  pore  pressure  and  A-f  actor  versus  percentage 
of  axial  strain/ are  presented  in  Appendix  A, 

3.5,3  Friction  and  Cohesion 

Figs.  3.42,  3. 43, and  3.44  are  plots  of  mobilization  of 
the  effective  frictional  and  the  effective  cohesive  resistance 
as  a  function  of  axial  strain.  For  the  untreated  soil  (Fig. 
3.42),  the  rate  at  which  the  frictional  resistance  increased 
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with  increasing  axial  strain  appears  to  be  a  function  of  the 
molding  water  content.  The  flocculated  soil  fabrics  (dry 
of  optimum)  appear  to  develop  their  frictional  resistance  at 
a  slower  rate  than  the  dispersed  fabrics  (wet  of  optimum) , 

In  the  case  of  the  stabilized  soils  (Figs.  3.43  and  3.44). 
no  general  trend  was  apparent  as  a  function  of  molding  con¬ 
ditions.  This  is  probably  due  to  the  large  influence  seating 
imoerf ections  have  on  the  s lores  and  intercepts  of  the  strain 
contours  at  small  strain  levels. 


TABLE  3.Z 

PRESHEAR  DATA  FOP  UH TREATED  M-  3/ 


SAMPLE 

No. 

COMPtC- 

r/v£ 

EFFORT 

PS! 

[  AS-MOLDED 

CO°/o 

iTd 

16 /A Vs 

200/ 

400 

90 

foe 

2002 

400 

80 

ZOQ 

2003 

400 

8.0 

ZOQ 

2004 

400 

9.2 

1/2.2 

200? 

400 

9.0 

Z/2.0 

2006 

400 

9.2 

//. 3.0 

2007 

400 

9.2 

//2p 

2009 

400 

Z3.0 

(233 

2009 

400 

Z2.B 

/223 

2010 

400 

Z3.2 

/ 22.7 

20/Z 

400 

Z2.7 

Z22.4 

20Z2 

400 

Z4.6 

120.1 

20/3 

400 

(4.6 

12/ .  / 

20/4 

400 

Z42 

Z2/.Z 

20/? 

4oo 

Z4? 

1 2/0 

20/6 

Qoo 

9.3 

Z2Q.4 

20/7 

QOO 

9.2 

Z20.6 

20/8 

800 

9.2 

Z/Q.O 

20/9 

800 

9.1 

Z/8.2 

FINAL.  PORE 
WATER 
CONTENT 


1 0.0 
2?0 
poo 
4.96 
/O.O 
Bp.O 
POO 
4.93 
ZO.O 
2?.0 
POO 
49? 
ZOO 
2?0 
POO 
po 
zoo 
2p.o 

POO 


ZO. 6 

/so 

/z.p 

ZP. O 
Z3.9 
ZP.O 

Z3.Z 

*2P 

Z/.6 

zo.r 

Z2.6 

zz.p 

zz.o 

ZO.2 

Zp.6 

/SO 

tPJ 

(3.2 


96.0 

03.0 

7Z.O 

ZOO 

92.0 

ZOO 

90.0 

ZOO 

96.0 

9p.O 

840 

ZOO 

900 

9p.O 

Bp.O 

930 

9p.O 

92.0 

86.0 


TABLE  3.2 

PRESHEAR  DATA  FOR  M- 2/  +5%  L/ME 


SAMPLE 

No 


too? 

1003 

1009 
/ oor 


1004 

to/o 

1002 

/006 


10/3 
to/e 
/O/ 7 
fO/8 


400 

400 

400 

400 


400 

400 

400 

400 


400 

400 

400 

400 


/020  800 
102/  800 
/022  800 
1023  800 


AS-MOLDEO 

CURtNa  TIME 

cuy0 

xy 

HUMID 

CURE 

OAyft 

SQA/riNOj 

DATS 

TOTAL 
CURE  t 
RAYS 

12.6 

/os.o 

23/ 

23 

274 

/27 

/ 08.9 

243 

20 

263 

/2.6 

/ 09.0 

245 

47 

290 

/2.3 

/09.0 

23/ 

22 

273 

/4.Q 

/III 

23 / 

/4 

263 

\ 

14/ 

112.0 

23/ 

40 

29/ 

/ 4.3 

III.  4 

23/ 

/O 

26/ 

/43 

///./ 

260 

// 

27/ 

/7.8 

H2.8 

284 

4/ 

323 

178 

// 2.0 

294 

/6 

300 

178 

1/23 

290 

23 

3/3 

/78 

//20 

277 

/O 

287 

/38 

f/3  6 

281 

/2 

293 

/38 

H3-7 

29/ 

33 

324 

/38 

1/3.5 

287 

9/ 

278 

/6./ 

H2.4 

28 / 

/3 

294 

!7.  8 

f/4.3 

266 

/O 

276 

/8.0 

//4.4 

27/ 

7 

278 

/8  2 

// 42 

266 

/e 

282 

/e.3 

//4.0 

266 

18 

284 

FINAL 
WATER 
CONTENT 

Vo  I  8 


30 

/O.O 

23.0 

300 


30 

/O.O 

230 

300 


30 

/O.O 

230 

30.0 


2/./ 

20.3 

20.9 

20.2 


20.0 

20.0 

18.9 

19/ 


/Q.O 

te.7 

/8.2 

/7.Q 


/7.6 

173 

/ff.9 

/8.3 


/7.4 

/72 

/74 

/79 


100 

86.7 

76.0 

83.0 


/OO 

800 


980 

83.0 

800 

7/0 


873 

82.0 

773 

7/8 


/OO 

76.0 

73.0 

780 


TABLE  3.3 

PPESHEAP  DATA  POP  M-2/  +  5  %  CEMENT 


SAMPLE 

No. 

COMPAC- 

r/ve 

EFFORT 

PS! 

AS-MOLDED 

■  CURING  TIMS 

CONSOLIDA¬ 

TION 

PRESSURE 

*• 

K§/ CfTT 

FINAL 

WATER 

CONTENT 

°/o 

PORE 

PRESSURE. 

RESPONSE 

B  °/t> 

CU°/o 

*4 

lb/ F/S 

HUMID 
CURE  ) 
DAYS 

SOAKING 

DAYS 

TOTAL 

cure  t 

DAYS 

3001 

400 

9.9 

>09.4 

/4 

/O 

24 

496? 

19.1 

78.0 

300? 

4-00 

9.9 

/09.0 

/4 

to 

24 

24.8 

19.6 

8/.0 

3003 

400 

10.1 

/ 08. ? 

/4 

/ 0 

24 

T9? 

20.4 

890 

3021 

400 

u.o 

HO? 

/4 

/o 

24 

10.28 

/9.J 

92.0 

3007 

400 

/65 

" 4.6 

/4 

!0 

24 

49.9 

A 6.4 

82.0 

3003 

400 

/€>-? 

"4.? 

/4 

/O 

24 

2?.T 

'6.7 

92.0 

3009 

400 

/6.4 

// 40 

' 4 

/o 

24 

/o.o 

/6.9 

89.0 

30/0 

400 

/6? 

//4.6 

/ 4 

/O 

24 

5-0 

'6.7 

840 

30// 

400 

/4.9 

"?7 

/4 

T 

2/ 

POO 
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EFFECTIVE  STRESS  -  STRENGTH  BEHAVIOR  OF  UNTREATED  M-21  COMPACTED 


FIGURE  3.2  EFFECTIVE  STRESS  -  STRENGTH  BEHAVIOR  OF  M-21  COMPACTED  ORY  OF  OPTIMUM 
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FIGURE  3.3  EFFECTIVE  STRESS  -  STRENGTH  JFHAVIOR  OF  UNTREATED  M- 2 1  COMPACTED  AT  OPTIMUM 
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RG.3.6  INFLUENCE  OF  WATER  CONTENT  DURING  SHEAR  ON 
THE  EFFECTIVE  PRINCIPAL  STRESS  RATIO  OF  UNTREATED 
MASSACHUSETTS  CLAYEY  SILT  AS  A  FUNCTION  OF  MOLDING 

CONDITIONS 
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FIGURE  3.7  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  EFFECTIVE  STRESS- STRENGTH  RELATION  OF 
UNTREATED  MASSACHUSETTS  CLAYEY  SILT  AT  ULTIMATE 


FIGURE  3.8  EFFECTIVE  STRESS- STRENGTH  BEHAVIOR  OF  M-21  4  5%  LIME  COMPACTED  VERY  DRY  OF  OPTIMUM 
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FIGURE  J.IO  EFFECTIVE  STRESS- STRENGTH  BEHAVIOR  OF  M-21  ♦  5X  LIME  COMPACTED  AT  OPTIMUM 


FIGURE  3.18  EFFECTIVE  STRESS- STRENGTH  BEHAVIOR  OF  M-21  ♦  5%  LIME  COMPACTED  TO  HIGH  DENSITY 


FIGURE  3.1-5  EFFFCTIVE  STRESS  -  STRENGTH  BEHAVIOR  M-  21  +5%  CEMENT  COMPACTED  DRY  OF  OPTIMUM 


FIGURE  3.H  EFFECTIVE  STRESS  -  STRENGTH  BEHAVIOR  OF  M-  21  +5%  CEMENT  COMPACTED  AT  OPTIMUM 
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FIGURE  3.IS  EFFECTIVE  STRESS  -  STRENGTH  BEHAVIOR  OF  M-21  ♦  SX  CEMENT  COMPACTED  AT  FflGH  DENSITY 
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FIG 3.17  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  MOHR- 
COULOMB  EFFECTIVE  STRESS -STRENGTH  PARAMETERS  OF 
M-21  STABILIZED  WITH  5%  LIME 
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FIG.  3.®  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  MOHR- COULOMB 
EFFECTIVE  STRESS-STRENGTH  PARAMETERS  OF  M-21  STABILIZED  WITH 

5%  CEMENT 
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FIGURE  3.19  EFFECTIVE  STRESS -STRENGTH  RELATION  AT  ULTIMATE  FOR  M-21  +  5%  LIME 


FIGURE  3  20  EFFECTIVE  STRESS- STRENGTH  RELATION  AT  ULTIMATE  FOR  M-21  +  5%  CEMENT 
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FIG.3 21  COMPARISON  OF  EFFECTIVE  PRINCIPAL  STRESS  RATIO 
FOR  M-21  WITH  5%  LIME  AT  MOHR-COULOMB  AND  ULTIMATE 
AS  A  FUNCTION  OF  MOLDING  CONDITIONS 
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FIG.  3.22 COMPARISON  OF  EFFECTIVE  PRINCIPAL  STRESS  RATIO  FOR 
M-21  WITH  5%  CEMENT  AT  MOHR-COULOMB  AND  ULTIMATE  AS  A 
FUNCTION  OF  MOLDING  CONDITIONS 
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FIG .3.26  PORE  PRESSURE  RESPONSE  OF  CEMENT  STABI¬ 
LIZED  MASSACHUSETTS  CLAYEY  SILT. 
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AS- MOLDED  DRY  DENSITY,  Jfd  ,lb/cuft. 


FIG.3.29  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE 
EFFECTIVE  MINOR  PRINCIPAL  STRESS  OF  UNTREATED 
MASSACHUSETTS  CLAYEY  SILT  AT  ULTIMATE 
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FI G.3.30  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE 
EFFECTIVE  MINOR  PRINCIPAL  STRESS  OF  UNTREATED 
MASSACHUSETTS  CLAYEY  SILT  DURING  UNDRAINED  SHEAR 
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FIG.33I  INFLUENCE  OF  STATIC  COMPACTION  EFFORT  ON 
THE  NORMALIZED  EFFECTIVE  MINOR  PRINCIPAL  STRESS 
OF  UNTREATED  MASSACHUSETTS  SILT  AT  ULTIMATE 
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FIG.3.32  INFLUENCE  OF  MOLDING  WATER  CONTENT  ON  THE 
A- FACTOR  OF  UNTREATED  MASSACHUSETTS  CLAYEY  SILT 
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FIG.J.34INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  EFFECTIVE 
MINOR  PRINCIPAL  STRESS  OF  M-21  STABILIZED  WITH  5%  CEMENT 
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FIG. 5.361  N FLU ENCE  OF  AS-MOLDED  DRY  DENSITY  ON  THE 
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STABILIZED  WITH  5%  CEMENT 
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FIG.3J9  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  TOTAL 
STRESS-STRENGTH  BEHAVIOR  OF  MASSACHUSETTS  CLAYEY 
SILT  STABILIZED  WITH  5%  LIME 
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FIG3.40INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  TOTAL 
STRESS-STRENGTH  BEHAVIOR  OF  MASSACHUSETTS  CLAYEY 
SILT  STABILIZED  WITH  5%  CEMENT 
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FIG.3.4/  INFLUENCE  OF  MOLDING  CONDITIONS  ON  THE  AXIAL 
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FIG. 3.4s?  DEVELOPMENT  OF  FRICTIONAL  RESISTANCE  AS  A  FUNCTION  OF 
AXIAL  STRAIN  FOR  UNTREATED  MASSACHUSETTS  CLAYEY  SILT. 
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FIG.3A3  DEVELOPMENT  OF  FRICTIONAL  AND  COHESIVE  RESIST¬ 
ANCE  OF  MASSACHUSETTS  CLAYEY  SILT  WITH  5% 
LIME  AS  A  FUNCTION  OF  AXIAL  STRAIN. 
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FIG. 3.44  DEVELOPMENT  OF  FRICTIONAL  AND  COHESIVE  RESIST¬ 
ANCE  OF  MASSACHUSETTS  CLAYEY  SILT  WITH  5% 
CEMENT  AS  A  FUNCTION  OF  AXIAL  STRAIN. 
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Chapter  4 

INFLUENCE  OF  DELAY  TIME  PRIOR  TO  COMPACTION 

4.1  DELAY  TIME  COMPACTION 

In  order  to  investigate  the  effect  of  delaying  the 
time  of  compaction  after  mixing  on  the  stress-strength  be¬ 
havior  of  M-21  +  5  per  cent  cement,  three  sets  of  sam¬ 
ples  were  prepared  using  two-end  static  compaction.  Samples 
of  the  set  named  DTO  were  compacted  at  an  effort  of  400  psi 
immediately  after  mixing.  Samples  of  the  set  DTI  were  com¬ 
pacted  at  the  same  effort  as  the  DTO  set  after  5  hours 
delay  following  mixing  in  of  the  molding  water.  Samples 
of  the  set  DT2  were  compacted  to  a  dry  density  equal  to  that 
of  the  DTO  set  after  5  hours  delay  following  mixing  in  of 
the  molding  water,  by  increasing  the  compaction  effort 
to  about  800  psi  in  order  to  obtain  the  same  density 
as  the  DTO  set. 

All  the  samples  of  the  three  sets  were  compacted  at 
an  average  molding  water  content  of  13.4  per  cent  (see 
summary  data  in  Table  4.1). 

4.2  EFFECTIVE  STRESS-STRENGTH  BEHAVIOR 

The  Mohr-Coulomb  effective  stress-strength  envelopes 
of  the  three  sets  tested  (sets  DTO,  DTI,  and  DT2)  are  shown 


k 
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in  Figs.  4,1  through  4,3.  Over  the  range  of  consolidation 
pressures  used,  the  envelopes  for  the  three  conditions  in¬ 
vestigated  were  straight  lines. 

As  shown  in  Figs.  4.1  and  4.3,  delay  time  of  compac¬ 
tion,  per  se,  had  no  effect  on  either  the  effective  Mohr- 
CouioniLi  angle  of  shearing  resistance  or  the  effective  co¬ 
hesion  intercept  since  these  two  sets  of  samples,  which 
had  the  same  as-molded  dry  density  (a  higher  compactive 
effort  was  needed  for  the  delay  time  set), have  the  same 
envelope. 

In  Fig.  4.2  samples  of  the  DTI  set  showed  a  slightly 
lower  cohesion  intercept  and  a  much  lower  angle  of  shearing 
resistance  than  series  DTO  and  DT2,  This  reflects  the 
effect  of  the  much  lower  as-molded  dry  density  obtained  in 
the  DTI  samples, which  had  a  delay  time  orior  to  compaction 
of  5  hours  and  were  compacted  at  a  constant  effort  of  400 
psi.  The  drop  in  density  with  delay  time  has  been  obser¬ 
ved  by  other  investigators  (Armen  et  al,  1965)  . 

In  summary,  it  can  be  said  that  delay  time  prior  to 
compaction  causes  a  significant  drop  in  the  as-molded  dry 
density  for  a  given  compactive  effort  and  this  in  turn  is 
reflected  as  a  much  lower  effective  Mohr-Coulomb  angle  of 
shearing  resistance.  Nevertheless,  if  delay  time  mixes 
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are  compacted  to  the  same  as-molded  dry  density  as  the 
non-delay  time  mixes,  there  is  no  difference  in  the  effec¬ 
tive  stress-strength  parameters  for  a  given  molding  water 
content.  This  may  not  be  practical  to  achieve  in  the  field 
since  it  requires  a  considerable  increase  in  the  applied  com¬ 
paction  effort. 

By  the  time  ultimate  conditions  are  reached  at  large 
strains,  the  soil  behaves  like  a  granular  material  having 
zero  effective  cohesion  intercept  and  a  high  effective  angle 
of  shear ino  resistance  which  is  not  only  independent 

of  molding  conditions  but  also  is  independent  of  delay  time 
prior  to  compaction  (see  Fig.  4.4), 

Fig.  4.5  shows  the  influence  of  delay  time  on  the  effec¬ 
tive  principal  stress  ratio  of  the  cemented  soil  at  Mohr- 
Coulomb  and  ultimate  conditions  as  a  function  of  effective 
minor  principal  stress.  At  Mohr-Coulomb  (Fig,  4.5a),  the 
data  of  sets  DTO  and  DT2  show  that  the  effective  principal 
stress  ratio  is  not  influenced  by  delay  time  of  compaction, 
per  se,  although  it  is  a  function  of  c3  for  the  same  reasons 
as  given  in  Art.  3.1,2  for  molding  conditions.  At  ultimate 
conditions  cT^/cT^  is  independent  of  a3,  as  shown  in  Fig, 

4.5b,  since  c  is  zero  and  is  independent  of  delay  time 

prior  to  compaction,  and  of  molding  conditions. 
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4.3  PORE  PRESSURE  RESPONSE 

4,3.1  Prior  to  Shear 

The  pore  pressure  response  was  determined  after  con¬ 
solidation  and  saturation,  but  prior  to  shear  for  the  reasons 
stated  in  Art,  3,2.1*  In  addition,  leak  checks  were  run  after 
each  pore  pressure  response  determination  by  closing  the 
drainage  valve  and  measuring  the  change  in  pore  pressure  as 
a  function  of  time.  Leaks  in  the  system  proved  to  be  the 
cause  for  the  low  B  factors  initially  obtained  (not  reported 
herein) .  Once  the  leaks  were  corrected,  the  pore  pressure 
response  went  up  to  its  normal  values  for  the  soil-cement 
system  at  the  different  consolidation  pressures  as  shown 
in  Fig.  4.6a, 

No  correlation  appears  to  exist  between  delay  time  prior 
to  compaction  and  B  factor’ as  can  be  seen  in  Fig,  4.6a,  In 
general  the  pore  pressure  response  prior  to  shear,  B0,  de¬ 
creased  with  increasing  rigidity  of  the  soil  skeleton  as 
expected.  Fig.  4,7b  is  a  plot  of  initial  tangent  modulus 
versus  consolidation  pressure.  The  data  points  show  signifi¬ 
cant  scatter  but  an  important  observation  can  be  made. 

Sample  DT2-1  shows  a  significantly  higher  modulus  than  sample 
DT2-2,  both  being  at  approximately  the  same  consolidation 
pressure.  Sample  DT2-1  was  brought  up-.to  the  effective 


consolidation  pressure  in  four  increments,  allowing  for 
consolidation  after  each  increment, while  sample  DT2-2 
was  brought  up  to  the  final  value  of  consolidation  pressure 
in  one  step.  This  same  procedure  was  used  with  samples  DTl-3 
and  DTl-4.  Also,  samples  DT2-1  and  DTl-3  showed  a  higher 
strength  than  samples  DT2 -2  and  DTl-4,  respectively  (see 
Figs.  4.2  and  4.3).  This  seems  to  indicate  that  applying 
the  consolidation  stress  in  one  increment,  especially  at 
the  higher  consolidation  pressures,  produces  some  premature 
cracking  that  weakens  the  samples  and  lowers  its  rigidity. 
Keeping  this  in  mind,  one  can  conclude  that  the  general 
trend  is  for  an  increase  in  rigidity  with  increase  in  con¬ 
solidation  pressure  if  the  samples  do  not  crack  prematurely 
during  consolidation,  the  increase  being  smaller  for  the 
more  strongly  cemented  (stiffer)  test  sets. 

4.3.2  After  Shearing 

Pore  pressure  response  after  shearing  was  determined 
as  explained  in  Section  3.2.2.  The  results  ar«  plotted 
in  Fig.  4,6b,  This  shows  that  was  greater  than  Bc,  since 
the  results  plotted  above  the  45®  line  shown  in  the  figure. 

4.4  PORE  PRESSURE  DURING  SHEAR 


Since  the  total  minor  principal  stress  was  kept  constat 
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during  consolidation  and  shear ,  the  excess  pore  pressure 
developed  during  undrained  shear  is  equal  to  the  consoli¬ 
dation  pressure  minus  the  effective  minor  principal  stress* 
Therefore  from  Figs*  4* 8a  and  4,8b,  which  are  plots  of 
a 3  at  maximum  stress  difference  and  at  tangency  versus  con¬ 
solidation  pressure, respectively,  it  is  seen  that  the  excess 
pore  pressure  during  undrained  shear  is  not  influenced  by 
delay  time.  Even  though  the  delay  samples  at  constant  com- 
pactive  effort  (DTI  9et)  had  a  much  lower  as-molded  dry 
density,  their  excess  pore  pressures  at  Mohr-Coulomb  tan¬ 
gency,  for  a  given  consolidation  pressure,  were  the  same 
as  for  the  higher  as-molded  dry  density  samples  of  the  sets 
DTO  and  DT2  (Fig,  4,8b).  This  is  in  agreement  with  the 
results  reported  in  Section  3. 3 *'2,  which  showed  that  molding 
conditions  had  n^  significant  influence  on  the  excess  pore 
pressures  of  the  stabilized  soil  at  Mohr-Coulomb  failure. 

From  Fig.  4,8a  it  is  also  seen  that  delay  time,  per  se, 
and  as-molded  dry  density  does  not  influence  the  excess  pore 
pressure  at  maximum  stress  difference.  At  ultimate  failure 
(Fig,  4,8c),  the  excess  pore  pressure  at  any  given  consoli¬ 
dation  pressure  is  independent  of  delay  time,  per  se,  since 
the  DTO  and  DT2  sets  had  the  same  pore  water  pressures  * 
however,  the  delay  time  DTI  set, which  had  a  lower  as-molded 
dry  density  than  the  other  two  sets, developed  higher  excess 
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jaore  water  pressures.  This  is  also  in  agreement  with 
the  results  presented  in  Section  3, 3, 2. 

Apparently,  at  Mohr-Coulomb  and  tangency  conditions , the 
cementation  between  the  soil-cement  aggregates  containing 
high  cement  concentrations  has  not  yet  been  appreciably 
destroyed;  therefore, the  differences  in  dry  density  are 

not  reflected  .is  a  difference  in  excess  pore  pressure.  This 
is  reinforced  by  the  fact  that  at  Mohr-Coulomb , the  three  sets 
of  samples  had  about  the  same  effective  cohesion  intercept. 
This  does  not  necessarily  mean  that  the  maximum  cohesive  re¬ 
sistance  in  the  low  density  delay  time  samples  is  as  large 
as  for  the  higher  density  samples.  Based  on  the  fact  that 
at  Mohr-Coulomb  $  for  the  low  density  delay  time  samples  was 
lower  than  for  the  high  density  samples,  whereas  at  ultimate 
all  the  seta  had  the  same  appears  that  in  the  low 

density  set, more  of  the  shearing  resistance  at  Mohr-Coulomb 
was  due  to  cohesion  and  less  due  to  friction  than  for  the  high 
density  sets.  As  will  be  shown  later  in  Section  4, 6, 2, the 
axial  strains  needed  to  reach  maximum  stress  difference  were 
lower  for  the  low  density  delay  time  set  (DTI)  than  for  the 
high  density  sets  (DTO  and  DT2)  ,  Therefore,  less  friction 
is  mobilized  and  less  cohesion  (cementation  between  aggregates) 
is  destroyed  in  the  low  density  delay  set  at  Mohr-Coulomb 
failure  than  in  the  high  density  sets. 
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At  ultimate  failure  the  excess  pore  water  pressures 
in  the  low  density  delay  time  set  were  higher  than  for  the 
high  density  sets  at  the  same  consolidation  pressure /be¬ 
cause  the  cementation  between  aggregates  has  now  been  des¬ 
troyed  and  the  soil  behaves  like  uncemented  sands/which 
show  an  increase  in  excess  pore  pressure  during  undrained 
shear  with  a  decrease  in  dry  density. 


4.5  TOTAL  STRESS-STRENGTH  BEHAVIOR 

Fig.  4.9  shows  plots  of  average  principal  stress  differ¬ 
ence,  1/2 (a^  -  a3) ,  versus  average  total  principal  stress, 

1/2 (a^  +  o3),  at  maximum  stress  difference  and  at  ultimate. 
The  data  in  Fig.  4,9a  show  that  delay  time  has  little  effect 
on  the  total  strength  parameters  at  maximum  stress  difference. 
However,  as  seen  from  Fig,  4,9b,  at  ultimate  conditions  the 
low  density  delay  time  samples  DTI  have  a  lever  cohesion  in¬ 
tercept  in  terms  of  total  stresses  than  the  high  density 
samples  DTO  and  0T2,  whereas  there  is  no  difference  between 
the  DTO  and  DT2  sets  of  samples,  meaning  that  delay  time, 
per  se,  has  no  effect  on  the  strength  parameters  in  terms 
of  total  stresses.  This  solely  is  a  reflection  of  the  in¬ 
fluence  of  the  excess  pore  water  pressures  on  the  ultimate 
shear  resistance  of  the  soil, since  c  at  ultimate  was  zero 
and  was  independent  of  delay  time  and  molding  conditions. 
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4.6  STRESS-STRAIN  BEHAVIOR 

4.61  Initial  Tangent  Modulus 

Although  seating  corrections  had  to  be  made  to  the 
stress-strain  curves  of  all  these  tests ,  the  initial  tan¬ 
gent  modulus  was  computed  from  the  straight  line  portion 
of  the  curves  (see  Table  4,2),  A  plot  of  initial  tangent 
modulus  versus  consolidation  pressure  was  presented  in 
Fig.  4.7b  and  discussed  in  Section  4,3.1, 

4.6.2  Axial  Strain  to  Reach  Maximum  Stress  Difference 

Fig.  4.10  is  a  plot  of  axial  strain  at  maximum  stress 

difference,  e  ,  versus  consolidation  pressure.  By  comparing 
m 

em  for  the  DTO  and  DT2  sets  (which  had  the  same  as-molded 
dry  density)  at  a  given  consolidation  pressure,  it  is  seen 
that  delay  time,  per  se,  has  no  effect  on  the  axial  strains 
required  to  reach  maximum  stress  difference.  However,  at  the 
lower  consolidation  pressures,  the  DTl  set, which  had  a  lower 
as-molded  dry  density  than  the  other  two  sets,  DTO  and  DT2, 
reached  maximum  stress  difference  at  lower  axial  strains. 

This  is  probably  due  to  the  more  open  packing  of  the  DTI 
set,  which  causes,  at  these  relatively  small  strains,  more 
of  the  shearing  stress  to  be  carried  by  the  cementation  be¬ 
tween  cemented  soil  aggregates  and  less  by  inter- aggregate 
friction. 
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Stress-strain  curves, as  well  as  change  in  pore  pres¬ 
sure  and  A-f actor  versus  percentage  of  axial  strain, are 
presented  in  Appendix  A. 
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TABLE  4-J 

RPE SHEAR  DATA  TOP  A7~2/  +£°/o  CEMBA/T 


SAMPLE 
N9  . 

COMPACT- 

r/vE 

EFFORT 

PS/ 

AS-MOLDED 

CONSOLI¬ 

DATION 

PRESS. 

kg/  cm5 

FINAL 

WATER 

CONTENT 

°/o 

PORE 

PRESS. 

RESPONSE 

a 

CO 

°/o 

*4 

lb./  /Vs 

DTO-I 

too 

13.4 

1/2 

49.2 

18.0 

— 

pro  -2 

400 

/3.4 

//2 

/O.O 

! 9.0 

— 

PTO-5 

400 

/5. 5 

H2 

2£0 

18.9 

— 

DTO  -4 

400 

/3.6 

U2 

£0.0 

— 

93.2 

on  -/ 

400 

/3.2 

104 

2£0 

227 

— 

DTI -2 

400 

13.4 

104 

/ O. / 

22£ 

— 

DTI- 3 

400 

/ 3  4 

103 

£0.1 

21.6 

&£./ 

DTI  -4 

400 

/3  4 

103 

£0.0 

203 

— 

DT2- / 

400 

/3.5 

IIZ 

£0.1 

18-7 

<90.3 

DT2-2 

~600 

13.3 

//2 

£0.0 

— 

86.6 

DT2-3 

-800 

/3.£ 

na 

/ 0.0 

18.8 

91.4- 

DT2-£ 

-800 

/3.£ 

//2 

2£0 

18.0 

869 

DT2-3  1 28.03  12,5001  1.2  12.1  497  12.8  0  28  24.9  369  1.6  11.9  493  12  6  0.26  24.6  366  18.7  10.9  32.3  029  69.08 
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F/GURE  E2  EFFECTIVE  STRESS-  STRENGTH  BEHAVIOR  IN  UN  DRAINED  SHEAR  OF  M-21  *  5Y.  CEMENT 
5  HOURS  DELAY  TIME  PRIOR?  TO  COMPACTION  AT  CONSTANT  EFFORT 
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Chapter  5 

CONCLUSIONS 

The  following  conclusions  are  drawn  regarding  the 
effects  of  molding  conditions  and  delay  time  after  mixing 
and  Drior  to  compaction,  on  the  effective  stress-strength 
and  stress-strain  behavior  of  a  clayey  silt  both  untreated 
and  stabilized  with  5  per  cent  hydrated  lime  and  5  per 
cent  Portland  cement  type  1» 

1)  Molding  conditions  have  no  significant  effect 
on  the  strength  parameters  of  the  untreated 
compacted  soil  in  terms  of  effective  stresses 
but  cause  large  changes  in  the  total  stress- 
strength  parameters, 

2)  For  both  the  lime-and  the  cement-stabilized 
soil,  a  significant  increase  in  the  Mohr- 
Coulomb  effective  cohesion  intercept,  c,  is 
produced  by  increasing  as-molded  dry  density, 
but  this  does  not  cause  any  significant 
change  in  the  effective  angle  of  shearing 
resistance.  Molding  water  content,  per  se, 
has  no  effect  on  the  effective  stress-strength 


parameters 
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3)  At  ultimate  conditions ,  the  stabilized  systems 
have  no  effective  cohesion  interceot  and  have  an 
effective  angle  of  shearing  resistance  that  is 
independent  of  molding  conditions.  This  is 
also  the  case  for  the  untreated  soil. 

4)  Molding  water  content  rather  than  molding  dry 
density  controls  the  pore  water  pressure  be¬ 
havior  of  untreated  fine-orained  soils  in  undrained 
shear.  Samples  compacted  dry  of  optimum  develop 

the  hiaher  oore  pressures  during  shear. 

5)  As-molded  dry  density,  rather  than  molding 
water  content,  controls  the  pore  water  pres¬ 
sure  behavior  of  cemented  fine-grained  soil 
in  undrained  shear.  The  higher  the  as-molded 
dry  density/ the  lower  the  pore  pressure  in¬ 
duced  during  shear. 

6)  Delay  time  prior  to  compaction  results  in 
significantly  lower  as-molded  dry  density 
than  non-delay  compaction  for  the  same  com¬ 
paction  effort.  This  shows  up  in  the  effec¬ 
tive  stress-strength  behavior  primarily  as  a 
drop  in  the  Mohr-Coulomb  effective  angle  of 
shearing  resistance.  Nevertheless,  if  the 
delay  time  mixes  sure  compacted  to  the  same 
as-molded  dry  density  as  the  non-delay  mixes, 
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there  is  no  difference  in  the  effective  stress- 
strength  parameters*  Delay  time  does  not  in¬ 
fluence  Tuit  of  this  soil-cement  system* 

7)  Delay  time  prior  to  compaction*  per  se,  has 
no  significant  effect  on  the  stress-strain 
behavior  of  this  soil-cement  system*  However* 
the  drop  in  as-molded  dry  density*  which  occurs 
due  to  delay  time  at  constant  compactive  effort, 
causes  the  soil-cement  system  to  reach  maximum 
stress  difference  at  lower  axial  strains. 

This  is  especially  the  case  at  low  consoli¬ 
dation  pressures  and  may  be  undesirable  in  the 
field. 
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STRESS-STRAIN  BEHAVIOR 
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time  prior  to  compaction  after  mixing  in  of  the  molding  water  on  the  effective  stress- 
strength  behavior  of  a  clayey  silt  stabilized  with  hydrated  lime  and  portland  cement 
is  presented  in  this  report.  This  investigation  used  the  results  of  high  pressure 
consolidated-uncLrained  triaxial  compression  tests  with  pore  water  pressure  measure¬ 
ments.  "It  is  shown  that  molding  conditions  have  no  significant  effect  on  the  f  .hr- 
CoulonV  'effective  stress-strength  parameters,  c  and  0  ,  of  the  untreated  com  cted 
soil.  For  both  the  cement  and  lime  stabilized  systems,  the  effective  cohesion 
intercept,  c  ,  significantly  increases  with  increases  in  as-molded  dry  density  while 
t>  does  not  change .  Molding  water  content  per  se  does  not  influence  either  c  or 
5  .  For  a  given  compactive  effort,  delay  time  prior  to  compaction  produces  a  drop 
in  the  as-molded  dry  density  of  the  cement  stabilized  soil  which  shows  u;  primarily 
as  a  drop  in  the  effective  angle  of  shearing  resistance,  *  .  It  also  lowers  the 
strains  required  to  reach  Mohr-Coulomb  failure,  which  is  an  undesirable  charac¬ 
teristic.  At  ultimate  failure  (large  strains),  it  is  shown  that  neither  molding 
conditions  nor  delay  time  prior  to  compaction  have  any  significant  effect  on  the 
effective  stress-strength  parameters  of  the  stabilized  systems. 
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